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The biological oxygen demand (BOD) test is widely used in many wastewater treatment plants. The conventional BOD tests are
usually time-consuming and the results are often out of date for process control purposes. The aim of this research was to compare
the manometric respirometric test with common chemical methods in the determination of BOD of wastewater from a pulp and
paper mills as well as to evaluate the BOD7 values of both wastewaters from the short-term respirometric measurements. The
results showed that there were diﬀerences in the BOD7 values of paper mill samples measured by conventional and respirometric
methods. The main cause was found to be the dilution solution used in the conventional BOD tests. Using the same mineral
solution in the respirometric measurements diminished the diﬀerence remarkably. Evaluation of the BOD7 value after two or
three days incubation was proved to work very well and the estimated results were close to measured values (deviations 1%–12%).
Copyright © 2006 Katri Roppola et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
The biological oxygen demand (BOD) is a measure for the
quantity of oxygen required for the biodegradation of or-
ganic matter in water. The BOD tests have been used for over
a century to determine the amount of biodegradable organic
matter in wastewater. Although the BOD is an essential sum
parameter in water management, conventional BOD mea-
suring tests are very slow, typically ﬁve or seven day long.
The ﬁve-day lasting BOD test was developed about a hun-
dred years ago in England on the basis of the maximum time
requiredforanyBritishrivertoﬂowfromitssourcetothesea
[1]. The long-lasting measuring time causes problems con-
trolling a wastewater treatment plant because the wastewater
in the treatment plant has already changed during the test.
Accordingly, the results are ordinarily out of date for process
control or monitoring purposes. Time-consuming test like
iodometric method [2] or electrochemical probe method [3]
is also distorted by dilution and sample preparation.
TheBOD5 orBOD7 valuesofwastewatershavebeentried
to estimate with several short-term tests, for example, dif-
ferent kinds of sensors [4, 5]. Improved techniques enable
us to measure BOD using faster and more precise tests like
automatic manometric respirometric test that we have used
in this research. In this work we show that the manomet-
ric respirometric test has many advantages compared with
the classical BOD methods including reduced sample prepa-
ration time, use of nondiluted samples, easy and contin-
uous reading of the measuring data, and faster measuring
time. This respirometric test is based on automatic pres-
sure measurement in a closed bottle under constant temper-
ature. Micro-organisms consume oxygen by degrading or-
ganic matter and the formed CO2 gas is chemically bound
by the sodium hydroxide pellets. The overall result is a pres-
sure decrease in the bottle. The instrument calculates auto-
matically the BOD value using the ideal gas law modiﬁed for
conditionsinaclosedspace.TheBODvaluecanbereadcon-
tinuously during the test [6].
The aim of the present study was to compare the mano-
metric respirometric test with conventional chemical meth-
ods in the determination of BOD of wastewater and to es-
timate the applicability of the respirometric test in the de-
termination of BOD of wastewater from pulp and paper
mills. In addition, the other objective was to estimate the2 Journal of Automated Methods and Management in Chemistry
seventh-day BOD value after a short-term measuring pe-
riod (1–3 days) by respirometric test. Conventional chem-
ical methods give only one BOD result after the seven day
incubation. Predictability of the BOD7 v a l u ew i l lr e d u c et h e
measurement time improving, for example, the chemical ad-
justment of the wastewater treatment process. The wastew-
ater samples were collected from Stora Enso Oyj Veitsiluoto
Mills at Kemi. The samples were taken from both the sewer
of the chemical pulp mill and the sewer of the paper mill.
Just recently we have studied the biodegradation of diﬀer-
ent oils in groundwater and conditions described in OECD
301F standard using the manometric respirometric method
[7–9]. These results showed that the respirometric method is
very suitable for biodegradation studies of oils in water, al-
though the test has been developed for BOD measurements
of municipal wastewaters. On the other hand, this study is a
new part of the major project focusing on the eﬀects of the
pulp and paper mills’ eﬄuents on the aquatic environment
in Northern Finland [10].
2. EXPERIMENTAL
2.1. Theoryofthemeasurements
A manometric respirometric test was carried out with the
OxiTop Control system [6]. The test is based on very accu-
rate automatic pressure measurement in a closed bottle un-
der constant temperature (20 ± 0.2◦C). A certain amount of
oxygenisconsumedduringthebiodegradationprocessofthe
organic matter. At the same time the formed CO2 gas is re-
moved from the gas space by means of an absorber (NaOH)
so that the resulting pressure decline is a measure of the bio-
logical oxygen demand. The instrument calculates BOD in
mg/L using the ideal gas law modiﬁed for conditions in a
closed space:
BOD

mg L−1
= M

O2

RTm ·

Vtot −Vl

Vl +aTm

T0

·Δp

O2

,
(1)
whereM(O2)ismolarmassofoxygen(32.0g mol−1),Risthe
gas constant (83.144L hPa mol−1 K−1), Tm is the measur-
ing temperature (293.15K), T0 is 273.15K, Vtot is the bottle
volume (mL), Vl is the liquid phase volume (mL), a is the
Bunsen absorption coeﬃcient (0.03103), and Δp(O2) is the
diﬀerence in partial oxygen pressure (hPa).
Before the measurement it is essential to estimate the
measuring range of the sample to be analyzed. That deter-
mines the amount of water used. For example, when a mea-
surement scale is 0–80mg L−1, 365mL of sample is needed
[6].Ifanitriﬁcationinhibitorand/oranextramicrobesource
are used, they must be added before ﬁlling the measuring
ﬂaskin order to keep the overall sample volume constant. Ef-
fect of sample dilution by mineral nutrient solution on result
was investigated in the present study.
2.2. Wastewatersamplesexaminedinthestudy
Wastewatersamplesusedin thisresearchwerecollectedfrom
Stora Enso Oyj Veitsiluoto Mills at City of Kemi, Northern
Finland. The Veitsiluoto mills produce annually approxi-
mately 365000 tonnes of bleached softwood and hardwood
pulps, 555000 tonnes of uncoated ﬁne paper, 370000 tonnes
of paper sheets, 420000 tonnes of coated paper, and 290000
cubic metres of sawn wood [10].
The wastewater samples were collected during seven sep-
arate days in 2005. The samples were collected from a sewer
ofthechemicalpulpmillafterbiologicaltreatmentandsewer
of the paper mill after chemical polyaluminium treatment.
The quality of the studied water samples was widely diverse.
For example, according to long-term follow-up studies in
Stora Enso Oyj, wastewater from the pulp mill has larger
solid matter and metal contents than the wastewater from
the paper mill. The dissimilarity between these two wastew-
aters was the one selection criterion for the samples of this
study.
Nitriﬁcation is a two-step respiratory process in which
bacteria oxidise ammonium to nitrite and nitrate. The
wastewater from the forest industry contains very little to-
tal nitrogen and very little free ammonia that can be oxidised
tonitrite/nitrate. Itisestimatedthatthemaximumcontribu-
tion of ammonia oxidation to the total BOD observed is less
than 5% [11].
2.3. MeasurementofBODusingmanometric
respirometrictest
A measurement region of 0–40mg/L was chosen for the
chemical pulp mill samples and a measurement region of
0–80mg/L for the diluted and undiluted paper mill sam-
ples. All measurements by the chemical reference meth-
ods used in this study were carried out with diluted sam-
ples using dilution factors 5 and 20 for the pulp mill and
the paper mill samples, respectively. Therefore, the eﬀect of
dilution on the BOD value was wanted to test also with
the manometric respirometric test. The samples were di-
luted with nutrient solution applying to SFS 1889-1 stan-
dard [12] using the dilution factor 2. The nutrient solution
was prepared using KH2PO4,K 2HPO4,N a 2HPO4 ·2H2O,
NH4Cl, CaCl2,M g S O 4 ·7H2O, and FeCl3 ·6H2O. Accord-
ing to long-term mill experience, the role of nitriﬁcation in
oxygen consumption is minor and to follow the common
mill practice, nitriﬁcation inhibitor n-allylthiourea (ATU)
was not used in all measurements. To conﬁrm this low ni-
triﬁcation rate, however, a few experiments were carried
out using also the nitriﬁcation inhibitor ATU. The bot-
tles were sealed with a rubber sleeve containing a CO2 ab-
sorber. The measuring heads were screwed onto the bottles
and the samples were stabilised in the incubation cabinet
(20.0 ± 0.2◦C) for six hours before the measurement was
started.
2.4. MeasurementofBODusingconventional
chemicalmethods
The used chemical reference method was determination of
biochemical oxygen demand after n days (BODn).P a rt1 ;dilu-
tion and seeding method with allylthiourea addition [12]. TheKatri Roppola et al. 3
Table 1: The BOD7 values determined by respirometry, iodometric
method, and oxygen sensor for wastewater samples originated from
the Stora Enso Oyj Veitsiluoto Mills.
Sample Respirometry
BOD [mg L−1]
Iodometric Oxygen
method sensor
BOD[mg L −1]B O D [ m g L −1]
Chem. pulp (I ) 22 22 16
Paper(I) 50 81 73
Chem. pulp (II) 33 19 15
Paper mill (II) 30 79 58
Chem. pulp (III) 38 20 19
Paper (III) 58 110 92
Chem. pulp (IV) 30 17 19
Paper (IV) 67 100 95
Chem. pulp (V) 37 19 23
Paper (V) 70 120 130
Chem. pulp (VI) 19 13 11
Paper (VI) 63 130 110
(I), (II), (III), and so forth = samples taken in diﬀerent times.
residual oxygen after seven days incubation was determined
according to standards determination of dissolved oxygen,
iodometric method [2], and electrochemical probe method [3].
To ensure reproducibility, analyseswith an oxygen sensor
were carried out in two separate laboratories. The analyses
with an oxygen sensor (WTW, Stirrox G, WP3-ST) were car-
ried out in the laboratory of the mills and the other measure-
ments were performed in the University of Oulu. In order to
eliminate the measuring errors some test measurements with
anoxygensensor(WTW, Cellox, 325) werecarried out in the
University of Oulu. These results proved that measurements
were reliable. The pH values of the wastewater samples were
measured with a Consort P600 pH meter.
2.5. EvaluationoftheBOD7 values
The BOD values were registered in every second hour and
the developed graphs are in general mathematically regular
in shape. So, the seventh-day BOD value can be evaluated
already in the early stage of the measurement (e.g., after 1–
3 days). Computer programs used in this study were Excel,
Sigma Plot, and TBL-Curve.
3. RESULTS AND DISCUSSION
3.1. Comparisonofdifferentmethodsandtheeffect
ofdilutionontheBODvalue
The BOD values of the samples, as determined by the diﬀer-
ent methods, are presented in Table 1.
For the paper mill samples, the respirometric method
gavelowerBODresultsascomparedwiththechemicalmeth-
ods. One possible explanation is lack of nutrients in this
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Figure 1: The respirometric BOD7 diagrams of the wastewater
samples originated from the Stora Enso Oyj Veitsiluoto Mills.
chemically treated wastewater. According to this, the nutri-
entswereprovidedonlybythedilutionsolution.Theeﬀectof
dilution solution on the BOD values measured by respirom-
etry was thus investigated. Dilution factor 2 was used for the
respirometric measurements. Table 2 reveals that BOD val-
ues for all diluted samples are very similar and independent
on dilution factor and method. Adequate amount of nutri-
ents is provided using dilution factor 2 and increasing of
that seems to have no increasing eﬀect on results. BOD val-
uesmeasuredfromundilutedsamplesdiﬀercompletelyfrom
thosemeasuredfromthedilutedsamples.Thesevalues,how-
ever, represent the real mill situation. This must be notiﬁed
when interpreting the results and can be addressed as a clear
advantage of manometric respirometric method.
The dilution of the pulp mill samples has no signif-
icant eﬀect on BOD values probably because these sam-
ples naturally contain a suﬃcient amount of nutrients for
the biodegradation process. This can be observed in Table 2
which reveals no diﬀerence between dilution factors 1 and
2 when measuring by respirometry. The values measured
withtherespirometricmethodwerelargerineverycasecom-
pared to those measured by the chemical methods. It is pos-
sible that volatile compounds, like methanol, mercaptans,
and small organic acids, which are typical in activated sludge
processes, absorb into sodium hydroxide. This may cause an
additional decrease in measured pressure and thus overes-
timated result. This potential pitfall should be notiﬁed when
interpretingtheresultsinprocesscontrolpurposes.Thephe-
nomenon will be focused on in further research by the au-
thorsinapartofwideprojectincollaborationwiththeforest
industry.
Theprecisionoftherespirometrictestwasdeterminedby
measuring the BOD values of the wastewater samples twice.
Figure 1 shows typical results of duplication tests for the4 Journal of Automated Methods and Management in Chemistry
Table 2: The eﬀect of dilution on the BOD7 values in respirometric measurements.
Sample Dilution factor in Respriometry Iodometric method∗ Oxygen sensor∗
respirometric measurements BOD7[mg L−1]B O D 7[mg L−1]B O D 7[mg L−1]
Paper (III) 1 58 — —
Paper (III) 2 110 110 92
Chem. pulp (IV) 1 30 — —
Chem. pulp (IV) 2 28 17 19
Paper (IV) 1 67 — —
Paper (IV) 2 100 100 95
Chem. pulp (V) 1 37 — —
Chem. pulp (V) 2 39 19 26
Paper (V) 1 70 — —
Paper (V) 2 120 120 130
Paper (VI) 1 63 — —
Paper (VI) 2 100 130 110
∗Measurements with iodometric method and oxygen sensor were carried out using dilution factors 5 and 20 for pulp mill and paper mill
samples, respectively.
Table 3: Evaluation results of the BOD7 values.
Sample
Evaluation of Evaluation of Evaluation of
Equation number
BOD7 value
BOD7 after 2 BOD7 after 3 BOD7 after 4 measured by
days incubation days incubation days incubation Respirometry
Chem. pulp (II) 32.7mgL −1 33.5mgL −1 33.1mgL −1 13 2 .5mgL −1
Chem. pulp (III) 37.4mgL −1 37.6mgL −1 38.8mgL −1 13 7 .9mgL −1
Chem. pulp (V) 32.1mgL −1 34.8mgL −1 35.9mgL −1 13 6 .5mgL −1
Chem. pulp (VI) 20.4mgL −1 20.2mgL −1 19.8mgL −1 11 9 .2mgL −1
Paper (IV) 114mg L−1 94.7mgL −1 92.2mgL −1 2 102mg L−1
Paper (V) 129mg L−1 120mg L−1 119mg L−1 2 121mg L−1
Paper (VI) 96 mg L−1 97mg L−1 96mg L−1 2 103mg L−1
Equation number 1: y = ax +b.
Equation number 2: y = [(a+cx)/(1+bx)]2.
paper mill and the chemical pulp mill samples. The preci-
sion of the manometric respirometric test was very good.
Standard deviations for chemical pulp mill and paper mill
samples were 0.8% and 3.7%, respectively.
A few experiments were carried out by respirometric test
using the nitriﬁcation inhibitor. The measured values for the
pulp mill sample were 33.4mg/L with ATU and 36.5mg/L
without ATU. Corresponding values for the paper mill sam-
ples were 115.6mg/L and 121.2mg/L, respectively. The val-
u e sw e r et h u sw i t h i n1 0 %a n dc o n ﬁ r m e dt h em i l le x p e r i e n c e
thatsigniﬁcantnitriﬁcationprocessdidnottakeplaceinpulp
and paper mill’s wastewaters [11].
3.2. EvaluationoftheBOD7 values
The evaluation of the BOD7 values was calculated with
the Sigma Plot or TBL-curve programs (paper mill sam-
ples) and Excel program (chemical pulp mill samples). The
BOD graphs formed in the respirometric measurements of
wastewater from the chemical pulp mill were linear in shape,
whereasthediagramsofwastewaterfromthepapermillwere
clearly nonlinear (Figure 1). The evaluation resultsarerepre-
sented in Table 3.
The results reveal that the estimated BOD7 values for
the chemical pulp mill samples were very accurate. Also
estimation of the BOD7 values of paper mill samples worked
well. As early as after two day incubation, the estimated
BOD7 values for both samples were reliable. The diﬀerence
between the evaluated BOD7 value (after two day incuba-
tion) and by respriometric measured value was only from 1
to 12 percent in both cases. As can be seen from Figure 1,
the shape of the BOD diagram is individual for diﬀerent
wastewaters. Therefore, ﬁtting and selecting the equation
used in evaluation of BOD value is case-speciﬁc for the stud-
ied wastewaters.
4. CONCLUSION
Themanometricrespirometrictestisanaccurate,handy,and
practical method for the determination of BOD of wastewa-
ter from pulp and paper mills. The results showed that there
was some deviation between the BOD7 values measuredKatri Roppola et al. 5
by the manometric respirometric method and conventional
chemicalmethodslikeiodometrictitrationoranoxygensen-
sor. The results also showed that dilution of wastewater sam-
ples could have very large eﬀect on BOD7 value. A larger ef-
fect was noticed with the paper mill samples, which naturally
have a low nutrient content. When the paper mill samples
were diluted with mineral solution, the respirometric BOD7
results came close to the results measured with iodometric
titration or an oxygen sensor.
Evaluation of the BOD7 value from the short-term mea-
suring results worked very well. The predictability of the
BOD7 value by the manometric respirometric method will
reduce the measurement time improving, for example, the
chemical adjustment of the wastewater treatment process. It
must be noted that the predictions should not be used for
monitoring against regulatory BOD limits. The diﬀerences
between the evaluated BOD7 value and measured value after
seven days incubation were only from 1 to 12 percent in all
cases. Unlike the paper mill samples, the chemical pulp mill
samples gave linear BOD graphs. Because of the dissimilar-
ity between the formed curves, the evaluation has been done
using the diﬀerent equations.
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